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Abstract
Background: Signal peptides (SPs) mediate the targeting of secretory precursor proteins to the
correct subcellular compartments in prokaryotes and eukaryotes. Identifying these transient
peptides is crucial to the medical, food and beverage and biotechnology industries yet our
understanding of these peptides remains limited. This paper examines the most common type of
signal peptides cleavable by the endoprotease signal peptidase I (SPase I), and the residues flanking
the cleavage sites of three groups of signal peptide sequences, namely (i) eukaryotes (Euk) (ii)
Gram-positive (Gram+) bacteria, and (iii) Gram-negative (Gram-) bacteria.
Results: In this study, 2352 secretory peptide sequences from a variety of organisms with amino-
terminal SPs are extracted from the manually curated SPdb database for analysis based on
physicochemical properties such as pI, aliphatic index, GRAVY score, hydrophobicity, net charge
and position-specific residue preferences. Our findings show that the three groups share several
similarities in general, but they display distinctive features upon examination in terms of their amino
acid compositions and frequencies, and various physico-chemical properties. Thus, analysis or
prediction of their sequences should be separated and treated as distinct groups.
Conclusion: We conclude that the peptide segment recognized by SPase I extends to the start of
the mature protein to a limited extent, upon our survey of the amino acid residues surrounding
the cleavage processing site. These flanking residues possibly influence the cleavage processing and
contribute to non-canonical cleavage sites. Our findings are applicable in defining more accurate
prediction tools for recognition and identification of cleavage site of SPs.
Background
Amino-terminal signal peptides (SPs) [1,2] mediate the
transport of prokaryotic and eukaryotic secretory proteins
to the cell membrane and endoplasmic reticulum respec-
tively. Synthesized as part of secretory precursor proteins
(preproteins), SPs guide the preproteins to the targeted
destination before being excised by the membrane-bound
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type I signal peptidases (SPase I) [3] during translocation
across the cell membrane.
These transient "zip codes" measure between 13 to 36
amino acid residues (aa) [1] comprising a tripartite struc-
ture, with a central hydrophobic region, flanked by the
amino and carboxy segments of the signal peptide. The
"h-region" forming the hydrophobic core at the centre of
the SP is lined with stretches of hydrophobic residues, said
to adopt an α-helical conformation [4]. The length of the
hydrophobic core varies with the organism. Preceding the
hydrophobic core is the "n-region" containing positively-
charged and polar residues, while the "c-region" at the end
of the signal peptide adopts an extended β-conformation
to facilitate recognition by SPase I. Other characteristic
features have been described in detail elsewhere [2,5].
Apart from targeting, SPs have been reported to exhibit
regulatory function in immune surveillance [6], to pro-
mote effective translocation by preventing the premature
or misfolding of secretory preproteins [7], to control the
amount of proteins to their destination [8,9] and possibly
other functions as more revelations surface over time.
Numerous studies [10-12] have also highlighted the
adverse effects caused by mutation to SPs.
The functional repertoire of SPs warrants further investiga-
tion of their properties and their neighboring residues to
advance our understanding of SPs for their crucial roles in
the secretory pathways of both prokaryotes and eukaryo-
tes [5,13].
The recent deluge of protein sequences have spurred the
development of myriad computational tools and tech-
niques [14-19] to predict the SP cleavage site. While the
prediction accuracies of these tools vary depending on the
datasets employed in their studies, they have generally
achieved high levels of accuracy. Nonetheless, the precise
mechanism governing the cleavage of the preprotein thus
far remains a conundrum and the accuracy of even the
best prediction methods for modifications to the signal
peptide region remains unpredictable. As a means to
understand the cleavage processing and the targeting
mechanism, it is necessary to understand the intricacies of
protein secretion, which include its SP and mature pep-
tide (MP) moieties. An early study of 118 eukaryotic and
32 prokaryotic sequences conducted by von Heijne [20]
provided excellent insights into the nuances of the differ-
ences between eukaryotic and bacterial SPs. Subsequent
studies [21-23] investigated SPs and MPs, either singularly
or in combination, often through gene fusion and muta-
genesis studies to observe their translocation and differen-
tial expression levels. Wide-ranging studies [23-30] were
conducted to inspect the charge bias, hydrophobicity and
various aspects related to the physical chemical properties
of SPs. Other studies examining the structural aspects of
SPase I-substrate complexes through 3D-structures and
computational models [31-34] were also carried out to
study the substrate specificity of the cleavage site and the
characteristics of the amino acid residues around the
cleavage site. With the massive increase in protein
sequences deposited to the public sequence databases
since 1999, there is a tremendous opportunity to further
explore our understanding of SPs and their mechanisms.
In this respect, we have extracted an updated, manually
curated set of 2352 eukaryotic and bacterial SPs
[described in Methods] to examine the characteristics of
the amino acid residues at the cleavage site, representing
an updated large-scale, comprehensive analysis of SPs,
based on manually curated data. Furthermore, we have
carefully analysed the residues composition in the vicinity
of the cleavage site, as a multitude of site-directed muta-
genesis studies have revealed that residues upstream and
downstream of this site affect cleavage processing [25,35].
Results
Ensuring quality of the dataset
Initiating this study with a high quality dataset is crucial.
In this study, we have restricted our investigation to 2352
secretory sequences containing amino-terminal SPs. The
curated dataset is available from Additional file 1.
During our manual investigation phase, where we plotted
scatter plots of the assembled SPs, β-hexosaminidase A
[Swiss-Prot: HEXA_PSEO7], an αβ-subunit heterodimer
lysosomal hydrolase was identified as an outlier. Tsujibo
et al. [36] indicated that the SP cleavage site is 11 aa and
added that its SP does not possess the typical tripartite fea-
tures of an SP. However, sequence comparison against
other species using Swiss-Prot database reveals lengths of
approximately 18 to 22 aa. Due to this inconsistency, this
entry was manually removed from the final dataset.
Examining eukaryotic and bacterial datasets
The cleansed data was grouped into (i) eukaryotes (Euk)
with 1877 sequences (ii) Gram-positive (Gram+) bacteria
with 168 sequences and (iii) Gram-negative (Gram-) bac-
teria with 307 sequences. From the boxplot (Figure 1), SPs
of Gram+ (SPsGram+) tend to be longer with median length
of 30 aa and display a bi-modal distribution with peaks at
29 aa and 41 aa (Figure 2) as compared to SPs of Euk
(SPsEuk) and SPs of Gram- (SPsGram-) which carry median
length of 22 aa and 23 aa respectively. Interestingly, SPsEuk
and SPsGram- exhibit somewhat similar SP length distribu-
tion although 4.5% or 14 SPsGram- extend beyond 40 aa. In
spite of the wide range of SP lengths permissible within
many groups of organisms excluding SPs of plants
(SPsPlant), the majority of the lengths within the groups
still fall in the 25th to 75th percentile, affirming the many
studies which have reported SPs as having variable length.BMC Bioinformatics 2008, 9(Suppl 12):S15 http://www.biomedcentral.com/1471-2105/9/S12/S15
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The cleavage site, designated P1–P1', occurs between resi-
dues located at position -1 (the last residue of the SP or
P1, prior to the scissile peptide bond) and +1 (the first res-
idue of the MP or P1'). Figure 3 depicts the sequence logos
[37] for the three groups starting from position -35 (P35)
to position +5 (P5'), spanning contiguous segments from
the SP and MP moieties.
P1 and P3 favour small, aliphatic residues; in particular
Ala and Val, which inclination is strikingly apparent in
bacterial SPs. Glycine (Gly), serine (Ser) and threonine
(Thr) are also noticeable at these two positions in SPsEuk.
P2 of SPsEuk exhibits preferences for Leu (15.2%) and Ser
(12.0%) whereas different sets of amino acids: {Ser
(12.5%), glutamine (Gln) (11.9%), phenlyalanine (Phe)
(11.9%), Ala (11.3%)} and {Leu (17.6%), Gln (14.3%),
Phe (11.4%), His (11.4%)} are preferred by SPsGram+ and
SPsGram- respectively [see Additional file 2 for the fre-
quency matrices]. From P1' onwards, there is no obvious
pattern of amino acid conservation in SPsEuk with the
exception of slightly enhanced occurrences of Ala (13.5%)
and Gln (11.0%) at P1'.
Compared to eukaryotic SPs, the amino acid composition
is different in bacterial SPs. In the case of SPsGram+, P1' is
mostly occupied by Ala (36.3%), Asp (11.3%), Ser
(10.7%) and Glu (9.5%). P2' is populated by Thr
(14.3%), Glu (13.7%), proline (Pro) (13.1%), Ser
(10.7%) and Asp (10.7%). Lys (13.1%) is the dominant
amino acid at P3' while Pro (14.3%) and Thr (14.3%) are
preferred at P4'. Beyond P4', there are no clear patterns if
we were to compare the relative frequencies between the
adjacent positions for the same amino-acid type. Similarly
for SPsGram-, P1' is populated by Ala (41.7%), Gln
(12.1%), Asp (7.2%) and Glu (6.2%) whereas P2' is
largely distributed between Asp (17.3%), Glu (16.9%),
Pro (10.8%) and Thr (10.8%). From P3' onwards, when
we compared the relative frequencies of each amino acid
with respect to its adjacent positions and also within the
column [see Additional file 2] and (Figure 3), we could
not ascertain any discernible patterns. His, tryptophan
(Trp) and tyrosine (Tyr) are clearly under-represented in
all three groups of SPs and for all the positions (P10 to
P10') that we examined while Cysteine (Cys) is almost
nonexistent in bacterial SPs throughout the aforesaid
positions. Pro is visibly avoided in positions from P3 to
P1' but relatively prevalent at P4 and P2'. In contrast, Gly,
Ile, Thr (except at P1 in bacterial SPs), Val (except at P1),
Ser and particularly Ala (especially at P3, P1 and P1') are
ubiquitous in all the positions that we profiled.
In all three groups of SPs, acidic residues (Asp and Glu)
are pronounced from P1' onwards. Similar trends can be
seen for basic or positive-charged residues comprising
Boxplot illustrating the SPs distribution found in selected organisms and groups (Eukaryotes, Gram-positive and Gram-negative  bacteria) Figure 1
Boxplot illustrating the SPs distribution found in selected organisms and groups (Eukaryotes, Gram-positive 
and Gram-negative bacteria). Mean length (■) and median (-, grey bar) values are indicated.BMC Bioinformatics 2008, 9(Suppl 12):S15 http://www.biomedcentral.com/1471-2105/9/S12/S15
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Arg, Lys and His. In fact, when we group the basic and
acidic residues (see Additional file 2], we observe consist-
ent and modest occurrence of these charged residues
across all three groups of SPs from P1' onwards, inclusive
of P2 but conspicuously absent or appearing in minute
amounts at P3 and P1, most prominently in the eukaryo-
tic MPs. Basic residues, Arg and Lys are common at the n-
region of bacterial SPs.
Interestingly, when we measure the net charge of SPs and
MPs individually (Figure 4), bacterial SPs are overwhelm-
ingly positive-charged (>0) while their MPs gravitate
towards a net negative-charge bias. Median net charge for
SPsGram+ and SPsGram- are +3 and +2 respectively. Eukaryo-
tes share a somewhat similar net charge distribution in
their MPs when compared to MPsBacteria but their SP moi-
eties support a more uniform net charge distribution (+ve:
57.3%; neutral: 32.9%; -ve: 9.8%) in comparison to the
positive-charge preference in SPsBacteria.
To examine the extent of differences in amino acid com-
position between the SP and MP moieties of eukaryotes
and bacteria, we constructed scatter plots (Figure 5) of iso-
electric point (pI), aliphaticity, GRAVY and mean charge
calculations plotted against the length of SPs (■) and the
corresponding MPs (▲). In all three groups of organisms,
we observed that the overall computed values of MPs tend
to be clustered in a narrower range when compared with
SPs. For instance, based on the calculation using the
aliphatic index, MPsGram+ lie mostly between 50 to 100
within the scale whereas SPsGram+  occur anywhere
between 75 to 200. A similar trend such as this exists in
the other calculations including GRAVY and pI except for
the pI of MPsEuk. SPsEuk form two clusters based on pI cal-
culation whilst SPsGram+ and SPsGram- are predominantly
represented within single clusters with median pI values
of of 10.3 and 10.0, respectively. From hydropathicity cal-
culations, the GRAVY score of SPs are largely positive
(SPsEuk:99.7%; SPsGram+:93.5%; SPsGram-:97.7%) indicat-
Signal peptides from the three organism groups measured based on their length Figure 2
Signal peptides from the three organism groups measured based on their length. The Y-axis shows the frequency 
of occurrences for a specific length of signal peptide while the X-axis depicts the various lengths.BMC Bioinformatics 2008, 9(Suppl 12):S15 http://www.biomedcentral.com/1471-2105/9/S12/S15
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ing a hydrophobic propensity. MPs, on the other hand,
show preferences towards hydrophilic nature (MPsEuk:
93.7%; MPsGram+: 94.6%; MPsGram-: 95.1%).
Discussion
The aim of this study is to uncover details about SPs,
based on their primary structure, to understand the possi-
ble correlations with their structure, variability in length
and composition and any distinct features around the
cleavage processing site. Therefore, we have included the
MP moiety in addition to the SP, since exploring the envi-
rons of the scissile bond may provide clues to the hitherto
reported features of SPs.
Inter-group differences
Our results indicate that SPsGram+ and SPsGram- share more
similarities, compared to SPsEuk. When we measured the
net charge of the SP moieties of these three groups (Figure
4), we observe that SPsEuk is distinctly different from the
bacterial SPs in that bacterial SPs overwhelmingly favour
a net positive charge bias whereas SPsEuk do not exhibit
any such inclination. Moreover, from the constructed fre-
quency occurrence matrices (shown in Additional file 2)
as well as the sequence logos (Figure 3) of these three
groups, it becomes clear that the bacterial datasets bear
much resemblance in their overall features and properties,
such as the diverse variability in their SPs primary struc-
Sequence logos [37] of eukaryotic and bacterial (Gram-positive and Gram-negative) signal and mature peptides starting from  position -35 to +5 Figure 3
Sequencelogos 37 of eukaryotic and bacterial (Gram-positive and Gram-negative) signal and mature peptides 
starting from posistion -35 to +5.[] The interface between position -1/+1 represents the SPase I cleavage site. The amino-
acid residues are grouped and coloured based on the R group of their side-chain. Red denotes polar acidic amino-acid residues 
(D, E); Blue denotes polar basic amino-acid residues (K, R, H); Green denotes polar uncharged amino-acid residues (C, G, N, 
Q, S, T, Y); Black denotes non-polar hydrophobic amino-acid residues (A, F, I, L, M, P, V, W).BMC Bioinformatics 2008, 9(Suppl 12):S15 http://www.biomedcentral.com/1471-2105/9/S12/S15
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ture, the highly-visible P3-P1 sequence motif which
exhibits high selectivity for small, aliphatic residues and a
detectable hydrophobic-region (h-region) at the core of
SPs. Even so, underlying these commonalities are inter-
group differences, albeit subtle in some cases. For exam-
ple, mean length and h-region of SPsGram+ are considera-
bly longer than those of SPsGram- and SPsEuk. In the case of
the tripartite structure consisting of n-region (positively
charged), h-region (hydrophobic) and c-region (neutral
and polar) which are commonly reported in the literature,
our findings show that this structure is pronounced in the
bacterial SPs but somewhat ambiguous in SPsEuk, specifi-
cally in the n-region where positively-charged residues are
far less prominent. Likewise, the sequence motif at P3 and
P1 of bacterial SPs is almost dominated by Ala and Val,
while such exclusivity is not asserted in SPsEuk where a
number of other different amino acids are tolerated. These
nuances are likely attributed to the differences in their
cell-membrane structures, suggesting certain overall, min-
imal requirements at the sequence and possibly at struc-
ture level [38] as well that a SP must conform to, for
recognition and processing in the secretion pathway. Per-
haps this may account for the seemingly contrasting selec-
tivity for certain types of amino acids at certain subsites
while simultaneously maintaining a generous accommo-
dation for amino acid degeneracy at other subsites in the
SP.
Influences of the mature peptide moiety
Since the (-3, -1) rule [39] was proposed, where small,
uncharged residues are favoured at the P3 and P1 posi-
tions, the SP moiety has drawn much attention. A fair
number of ensuing reports [22,25,40-43] began to
explore the influences of the MP moiety besides the SP
and many such studies continue to furnish additional
support and evidence to advance our comprehension of
the less understood role of the amino acids at the MP moi-
ety. Numerous studies [40,44] experimented with SPs by
fusing them to an assortment of secretory and non-secre-
tory proteins for homologous and heterologous secretion
and demonstrated that the SP alone is not sufficient to
ensure the processing of secretory proteins, implying that
a section of the MP must contribute to the process. In fact,
such studies have shown that a balance between the SP
and portion of the MP moiety affects export efficiency [45-
47].
When we examine the frequencies between the adjacent
positions of ten amino acid residues from both sides of
the cleavage site (data shown in Additional file 2) viz. SP
(P10-P1) and MP (P1' – P10') for all three organism
groups, the frequencies of charged residues (counting
both positively and negatively charged residues) are rela-
tively stable. The transition value from one position to
another does not fluctuate beyond 50% of the difference
for the MP moiety. For the SP moiety (P10-P1), the fluc-
tuations are more dramatic at P5, P4 and P2 (although
less pronounced for gram-negative bacteria) while virtu-
Net charge calculations of signal and mature peptides for the three groups of organisms Figure 4
Net charge calculations of signal and mature peptides for the three groups of organisms. The net charges are 
grouped into three classes: positive (>0), neutral (= 0) and negative (<0) charge. The numbers represent the frequencies of 
which the charges are observed.BMC Bioinformatics 2008, 9(Suppl 12):S15 http://www.biomedcentral.com/1471-2105/9/S12/S15
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ally absent at other positions. When we divided the
charged residues into positively and negatively charged
subgroups, we observed that a specific charged subgroup
is preferred at certain positions. Moreover, when we meas-
ured the mean charge using a sliding window of variable
size (3 to 11; data not shown), we noticed that the fluctu-
ations between the positively and negatively charged resi-
dues seem to converge and stabilize at around P8' to P10'
whereas uncharged residues maintain a uniform trend
throughout all the positions.
Approximately a quarter of the bacterial MPs and 35% of
MPsEuk bear a net positive charge, 5–6% are neutral while
the majority of MPs favour a net negative charge. This is in
stark contrast to the SP moiety which is inclined towards
a net positive charge, the trend being especially strong in
bacteria. Probably, secretory proteins maintain their
Comparison of the isoelectric point (pI), aliphatic index, GRAVY value and mean charge among the three organism groups Figure 5
Comparison of the isoelectric point (pI), aliphatic index, GRAVY value and mean charge among the three 
organism groups. Data are represented by squares which denote SP while triangles denote MP.BMC Bioinformatics 2008, 9(Suppl 12):S15 http://www.biomedcentral.com/1471-2105/9/S12/S15
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desired net charge levels within the SP and MP moieties to
enable their interaction with other players in the secretion
pathway. This can be done by varying or accommodating
diverse amino acids at selected positions while being rigid
in the choice of amino acids at others. This selectivity is
visible at some MP positions particularly those in the
vicinity of the cleavage site but not further downstream.
Kajava et al. [25] proposed that a net charge with null or
negative bias should be maintained for the first 18 amino
acid residues of the MP, to promote successful expression
of proteins in Gram-bacteria and any optimization per-
formed on the SP should include the specified region.
However, we do not observe any significant pattern
beyond P5' at the MP moiety based on our results (Figure
1, Figure 3 and Additional file 2) to support this proposal,
possibly because the first 18 residues could include several
combinations of SP and MP moieties. Moreover, if we
compare the relative frequencies of adjacent positions at
the MP moieties, they appear to be rather stable. Our
results are in general agreement with other studies that
include the MP moiety, but the extent of the region to be
included remains debatable. The varying results from the
different studies make it difficult to compare and obtain
consensus. Furthermore, the paucity of crystal structures
solved to date (only three SPase I-related entries are found
in Protein Data Bank [48]) adds to the challenge of deci-
phering the extent of MP involvement in the secretory
pathway.
Recognition of the cleavage site and its flanking region
From our dataset, out of 1877 eukaryotic, 168 gram-posi-
tive and 307 gram-negative sequences, the occurrence fre-
quencies of the consensus sequence motif Ala-x-Ala at P3
and P1 are 14.5%, 47.0% and 58.9% respectively. This is
much lower than the frequencies for the individual posi-
tion columns of Ala (Additional file 2), implying that the
sampling space for cleavage site recognition is not limited
to the Ala-x-Ala motif. In our previous study [31] where
we modeled the 3D-structure of E. coli SPase I substrate-
complex using computational approach, our model sug-
gested that amino acid residues upstream and down-
stream of the cleavage site may influence substrate
cleavage. The various subsites identified in that modeling
study suggest amino acids of certain properties such as the
nature, size and charge of the side-chain, can be accepted
at these pockets. If we scrutinize these flanking residues
further in the light of our current results, more significant
patterns become prominent. Pro is implicated as a struc-
ture disruptor due to its steric hindrance from its cyclic
side-chain and inability to form a hydrogen bond that sta-
bilizes a helix [49]. Pro is often found at the end of α-hel-
ices, in turns or loops but produces a bend when it
appears in the middle of an α-helix. Pro is markedly disfa-
voured from P3 to P1' but it is comparatively prevalent at
P4 and P2' (Additional file 2). The absence of Pro at these
positions is consistent with reports on impaired function
or inhibition of SPase I with Pro appearing at this position
[50,51]. Glycine, another helix-breaking residue, is also
spotted in modest amount at P5 and P4. Karamyshev et al.
have shown that a β-turn is present at the P5 to P1 region
of SPase-substrate complex [52]; our model [31] also gen-
erated a similar structure, which is consistent with the res-
idue occurrence patterns in these positions (Additional
file 2). The canonical Ala-x-Ala sequence motif for the SP
cleavage site is only able to account for approximately half
of the recognition sites. By considering these flanking res-
idues, many non-canonical cleavage sites can be
accounted for. These features working in concert provide
the secretory machinery flexibility, versatility and perhaps
accuracy to enact the signal peptide recognition processes.
Conclusion
In this study, we have compiled a manually curated set of
experimentally determined amino-terminal SP-contain-
ing sequences and analysed the cleavage sites and flanking
regions of three organism groups namely eukaryote and
bacteria (gram-positive and gram-negative). Our findings
show that the three groups share several similarities in
general, but display distinctive features upon examination
in terms of their amino acid composition and frequency
of residue occurrence, characterized by various physico-
chemical properties. Thus, analysis or prediction of their
sequences should be separated and treated as distinct
groups. Further, we survey the amino acid residues sur-
rounding the cleavage processing site and conclude that
the domain recognized by the SPase I extends into MP to
a limited extent. These flanking residues possibly influ-
ence the cleavage processing and constitute non-canonical
cleavage sites.
Our large-scale analysis work uses substrate proteins
derived from a variety of organisms and can help in defin-
ing more accurate prediction tools for the recognition of
SPs and the identification of their cleavage sites. Our find-
ings are also applicable to the design of more efficient SPs
used in heterologous protein secretion.
Methods
Dataset manually curated and extracted from SPdb
We assembled a preliminary dataset containing 2512
sequences using the manually-curated Signal Peptide
database (SPdb) Release 5.1 [53]. SPdb contains
sequences which were reported with experimentally-veri-
fied SP cleavage sites as opposed to computational predic-
tion, classified "putative" in several protein sequence and
signal peptide data resources. The data in SPdb were
extracted from the Swiss-Prot [54] Release 55.0 and EMBL
[55] Release 93 sequence databases, based on a set of fil-
tering criteria, described in detail elsewhere [53]. Viral andBMC Bioinformatics 2008, 9(Suppl 12):S15 http://www.biomedcentral.com/1471-2105/9/S12/S15
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archaeal SPs were excluded as there were too few to render
any meaningful analysis. Sequences that contain ambigu-
ous positions or non-standard amino acids as identified
by the characters 'X', 'Z' or 'U' found in their MP moiety
were discarded. SPase II-cleaved lipoprotein SPs [56] and
SPs of Twin-arginine translocation (Tat) proteins [57]
were also deliberately omitted from this study since these
SPs rely on different mechanism for processing their cleav-
age sites. In the process of assembling the dataset, we
investigated the need for redundancy reduction [44,58] as
we were concerned about the bias or over-representation
of certain classes of sequences in the dataset. CD-HIT (ver-
sion 3.1.1) [59] was used to cluster the sequences and
removed sequences with sequence identities 100% in
their SP moiety as studies [10-12,35] have shown that
even a single substitution in amino acid could result in a
pronounced effect.
The dataset was split into two sub-datasets based on the
sequence moieties (i) SP and (ii) MP before being clus-
tered with global sequence identity threshold set at 0.9;
word size of 5 and other parameters assume the program's
default. In each cluster, homologous sequences with
100% sequence identity in the SP moiety were discarded.
Identical full-length (SP+MP) sequences were implicitly
removed as a result. The reduced dataset of 2352 SPs-con-
taining sequences were further categorized into three
groups namely (a) Gram+ bacteria (Firmicutes, Actinobac-
teria, Deinococcus, Fibrobacteres, Thermotogae); (b) Gram-
(Proteobacteria,  Spirochetes,  Bacteroidetes,  Cyanobacteria,
Aquificae, Chlamydiae) and (c) eukaryotes (see additional
file 2) as the SPs of these three groups display distinct fea-
tures [2,5]. Subsequently, we computed the physico-
chemical properties of the SP and MP moieties for every
sequence using ExPASy ProtPram [60]. The calculations
include molecular weight, theoretical isoelectric point
(pI), aliphatic index, GRand AVerage of hydropathY
(GRAVY) and absolute mean charge.
Calculations of the physicochemical properties
Size dimension is assumed to influence the bending of a
peptide chain where the size of an amino acid is deter-
mined by the length and bulkiness of its side chain [24].
But since molecular weight (MW) of an amino acid is eas-
ier to measure and it is roughly proportional to its size, we
thus use MW as an approximation.
pI is defined as the pH value where a given protein has no
net charge and it often has the lowest solubility. Different
algorithms exist to calculate pI rendering different values
due to the different set of pKa values used. The pKa values
adopted in this study were described by Bjellqvist et al.
[61].
Aliphatic index [62] measures the relative volume occu-
pied by aliphatic side chains (Ala, Val, Ile and Leu) of a
protein according to the formula:
AliphaticIndex = XA + a*XV + b*(XI + XL)
where XA (Ala), XV (Val), XI (Ile) and XL (Leu) are mole per-
cent (100 * mole fraction) of the respective amino acid
residue. The coefficients a and b are the relative volume of
Val side chain (a = 2.9) and of Leu/Ile side chains (b = 3.9)
compared to the side chain of Ala.
GRAVY [63] is an estimation of the overall hydrophobic-
ity of a protein, but it does not take into account of inter-
action or positional effect of adjacent residues. Given a
protein sequence S, its GRAVY score is computed as:
where i is one of the 20 standard amino acids; fi is the rel-
ative frequency of i in S; αi is the hydropathy value of i
according to the scale propounded by Kyte and Doolittle
[63] and n is the total number of residues in the sequence.
Net charge is the algebraic sum of all the charged amino-
acid residues present in SPs and MPs calculated using the
equation:
The 20 standard amino acids are represented by i and fi
represents the relative frequencies of occurrences of the
amino acid i. Positively-charged residues (arginine (Arg),
histidine (His) and lysine (Lys)) are assigned αi  = 1
whereas negatively-charged residues (aspartic acid (Asp)
and glutamic acid (Glu) are set as αi = -1. All other amino
acid residues are assigned αi.= 0.
The  iep  program, part of the EMBOSS bioinformatics
package (version 2.9.0) [64] was used to calculate the
mean charge at neutral pH. The absolute value of the
mean charge is further divided by the length of the
polypeptide.
Mean hydrophobicity is defined as the arithmetic mean of
the normalized hydrophobicity values of all the residues
in the polypeptide where hydrophobicity was calculated
using as defined by Kyte and Doolittle [63].
Competing interests
The authors declare that they have no competing interests.











20BMC Bioinformatics 2008, 9(Suppl 12):S15 http://www.biomedcentral.com/1471-2105/9/S12/S15
Page 10 of 11
(page number not for citation purposes)
Authors' contributions
KHC curated the dataset and conducted the analysis work;




We thank Dr. J.C. Tong for his constructive comments and help in this 
study.
This article has been published as part of BMC Bioinformatics Volume 9 Sup-
plement 12, 2008: Asia Pacific Bioinformatics Network (APBioNet) Seventh 
International Conference on Bioinformatics (InCoB2008). The full contents 
of the supplement are available online at http://www.biomedcentral.com/
1471-2105/9?issue=S12.
References
1. Molhoj M, Degan FD: Leader sequences are not signal peptides.
Nat Biotechnol 2004, 22(12):1502.
2. Pugsley AP: Protein targeting.  San Diego; London: Academic Press;
1989. 
3. Tuteja R: Type I signal peptidase: an overview.  Arch Biochem Bio-
phys 2005, 441(2):107-111.
4. Nielsen H, Engelbrecht J, Brunak S, von Heijne G: Identification of
prokaryotic and eukaryotic signal peptides and prediction of
their cleavage sites.  Protein Eng 1997, 10(1):1-6.
5. von Heijne G: The signal peptide.  J Membr Biol 1990,
115(3):195-201.
6. Lemberg MK, Bland FA, Weihofen A, Braud VM, Martoglio B:
Intramembrane proteolysis of signal peptides: an essential
step in the generation of HLA-E epitopes.  J Immunol 2001,
167(11):6441-6446.
7. Szabady RL, Peterson JH, Skillman KM, Bernstein HD: An unusual
signal peptide facilitates late steps in the biogenesis of a bac-
terial autotransporter.  Proc Natl Acad Sci USA 2005,
102(1):221-226.
8. Kurys G, Tagaya Y, Bamford R, Hanover JA, Waldmann TA: The long
signal peptide isoform and its alternative processing direct
the intracellular trafficking of interleukin-15.  J Biol Chem 2000,
275(39):30653-30659.
9. Li Y, Luo L, Thomas DY, Kang CY: Control of expression, glyco-
sylation, and secretion of HIV-1 gp120 by homologous and
heterologous signal sequences.  Virology 1994, 204(1):266-278.
10. Rajpar MH, Koch MJ, Davies RM, Mellody KT, Kielty CM, Dixon MJ:
Mutation of the signal peptide region of the bicistronic gene
DSPP affects translocation to the endoplasmic reticulum
and results in defective dentine biomineralization.  Hum Mol
Genet 2002, 11(21):2559-2565.
11. Rittig S, Siggaard C, Ozata M, Yetkin I, Gregersen N, Pedersen EB,
Robertson GL: Autosomal dominant neurohypophyseal diabe-
tes insipidus due to substitution of histidine for tyrosine(2) in
the vasopressin moiety of the hormone precursor.  J Clin Endo-
crinol Metab 2002, 87(7):3351-3355.
12. Jarjanazi H, Savas S, Pabalan N, Dennis JW, Ozcelik H: Biological
implications of SNPs in signal peptide domains of human
proteins.  Proteins 2008, 70(2):394-403.
13. Gierasch LM: Signal sequences.  Biochemistry 1989, 28(3):923-930.
14. Liu DQ, Liu H, Shen HB, Yang J, Chou KC: Predicting secretory
protein signal sequence cleavage sites by fusing the marks of
global alignments.  Amino Acids 2006.
15. Bendtsen JD, Nielsen H, von Heijne G, Brunak S: Improved predic-
tion of signal peptides: SignalP 3.0.  J Mol Biol 2004,
340(4):783-795.
16. Small I, Peeters N, Legeai F, Lurin C: Predotar: A tool for rapidly
screening proteomes for N-terminal targeting sequences.
Proteomics 2004, 4(6):1581-1590.
17. Kall L, Krogh A, Sonnhammer EL: A combined transmembrane
topology and signal peptide prediction method.  J Mol Biol
2004, 338(5):1027-1036.
18. Hiller K, Grote A, Scheer M, Munch R, Jahn D: PrediSi: prediction
of signal peptides and their cleavage positions.  Nucleic Acids
Res 2004:W375-379.
19. Shen HB, Chou KC: Signal-3L: A 3-layer approach for predict-
ing signal peptides.  Biochem Biophys Res Commun 2007,
363(2):297-303.
20. von Heijne G: Signal sequences. The limits of variation.  J Mol
Biol 1985, 184(1):99-105.
21. Thornton J, Blakey D, Scanlon E, Merrick M: The ammonia chan-
nel protein AmtB from Escherichia coli is a polytopic mem-
brane protein with a cleavable signal peptide.  FEMS Microbiol
Lett 2006, 258(1):114-120.
22. McKnight CJ, Stradley SJ, Jones JD, Gierasch LM: Conformational
and membrane-binding properties of a signal sequence are
largely unaltered by its adjacent mature region.  Proc Natl Acad
Sci USA 1991, 88(13):5799-5803.
23. Rajalahti T, Huang F, Klement MR, Pisareva T, Edman M, Sjostrom M,
Wieslander A, Norling B: Proteins in different Synechocystis
compartments have distinguishing N-terminal features: a
combined proteomics and multivariate sequence analysis.  J
Proteome Res 2007, 6(7):2420-2434.
24. Biro JC: Amino acid size, charge, hydropathy indices and
matrices for protein structure analysis.  Theor Biol Med Model
2006, 3:15.
25. Kajava AV, Zolov SN, Kalinin AE, Nesmeyanova MA: The net
charge of the first 18 residues of the mature sequence affects
protein translocation across the cytoplasmic membrane of
gram-negative bacteria.  J Bacteriol 2000, 182(8):2163-2169.
26. Tsuchiya Y, Morioka K, Shirai J, Yokomizo Y, Yoshida K: Gene
design of signal sequence for effective secretion of protein.
Nucleic Acids Res Suppl 2003:261-262.
27. von Heijne G: Net N-C charge imbalance may be important
for signal sequence function in bacteria.  J Mol Biol 1986,
192(2):287-290.
28. Eusebio A, Friedberg T, Spiess M: The role of the hydrophobic
domain in orienting natural signal sequences within the ER
membrane.  Exp Cell Res 1998, 241(1):181-185.
29. Kantardjieff KA, Rupp B: Protein isoelectric point as a predictor
for increased crystallization screening efficiency.  Bioinformat-
ics 2004, 20(14):2162-2168.
30. Matoba S, Ogrydziak DM: Another factor besides hydrophobic-
ity can affect signal peptide interaction with signal recogni-
tion particle.  J Biol Chem 1998, 273(30):18841-18847.
Additional file 1
Curated dataset used to perform this analysis. 2352 secretory sequences 
containing amino-terminal SPs extracted and filtered from SPdb depos-
ited into three worksheets, arranged according to the three organism 
groups namely eukaryotes, Gram-positive and Gram-negative bacteria. 
Each worksheet contains 7 columns of data namely Entry_name, 
Description (of the protein), Organism, SP_Length (length of the sig-
nal peptide), Prot_length (length of the protein sequence), Signal Pep-
tide (signal peptide sequence), Mature Peptide (mature peptide starting 
from P1' and stops at the first 30 residues).




Frequency matrix for eukaryotes and bacteria datasets. Amino acid fre-
quency matrix for the signal peptides and mature peptides of eukaryotes 
and bacteria. Percentage occupancy values from P10 to P10' [-10, +10] 
are shown, with the cleavage site in dotted line at -1/+1. Significant high 
and low values, in bold font are highlighted:grey: >10%; black: most pre-
ferred residue(s); cyan: charged residue group and green: aliphatic group.
Click here for file
[http://www.biomedcentral.com/content/supplementary/1471-
2105-9-S12-S15-S2.pdf]Publish with BioMed Central    and   every 
scientist can read your work free of charge
"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."
Sir Paul Nurse, Cancer Research UK
Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published  immediately upon acceptance
cited in PubMed and archived on PubMed Central 
yours — you keep the copyright
Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp
BioMedcentral
BMC Bioinformatics 2008, 9(Suppl 12):S15 http://www.biomedcentral.com/1471-2105/9/S12/S15
Page 11 of 11
(page number not for citation purposes)
31. Choo KH, Tong JC, Ranganathan S: Modeling Escherichia coli sig-
nal peptidase complex with bound substrate: determinants
in the mature peptide influencing signal peptide cleavage.
BMC Bioinformatics 2008, 9(Suppl 1):S15.
32. Paetzel M, Dalbey RE, Strynadka NC: The structure and mecha-
nism of bacterial type I signal peptidases. A novel antibiotic
target.  Pharmacol Ther 2000, 87(1):27-49.
33. Paetzel M, Dalbey RE, Strynadka NC: Crystal structure of a bac-
terial signal peptidase apoenzyme: implications for signal
peptide binding and the Ser-Lys dyad mechanism.  J Biol Chem
2002, 277(11):9512-9519.
34. Ekici OD, Karla A, Paetzel M, Lively MO, Pei D, Dalbey RE: Altered
-3 substrate specificity of Escherichia coli signal peptidase 1
mutants as revealed by screening a combinatorial peptide
library.  J Biol Chem 2007, 282(1):417-425.
35. Russel M, Model P: A mutation downstream from the signal
peptidase cleavage site affects cleavage but not membrane
insertion of phage coat protein.  Proc Natl Acad Sci USA 1981,
78(3):1717-1721.
36. Tsujibo H, Fujimoto K, Tanno H, Miyamoto K, Imada C, Okami Y,
Inamori Y: Gene sequence, purification and characterization
of N-acetyl-beta-glucosaminidase from a marine bacterium,
Alteromonas sp. strain O-7.  Gene 1994, 146(1):111-115.
37. Crooks GE, Hon G, Chandonia JM, Brenner SE: WebLogo: a
sequence logo generator.  Genome Res 2004, 14(6):1188-1190.
38. Duffaud G, Inouye M: Signal peptidases recognize a structural
feature at the cleavage site of secretory proteins.  J Biol Chem
1988, 263(21):10224-10228.
39. von Heijne G: Patterns of amino acids near signal-sequence
cleavage sites.  Eur J Biochem 1983, 133(1):17-21.
40. Andrews DW, Perara E, Lesser C, Lingappa VR: Sequences beyond
the cleavage site influence signal peptide function.  J Biol Chem
1988, 263(30):15791-15798.
41. Chou KC: Prediction of protein cellular attributes using
pseudo-amino acid composition.  Proteins 2001, 43(3):246-255.
42. Le Loir Y, Nouaille S, Commissaire J, Bretigny L, Gruss A, Langella P:
Signal peptide and propeptide optimization for heterolo-
gous protein secretion in Lactococcus lactis.  Appl Environ
Microbiol 2001, 67(9):4119-4127.
43. Bankaitis VA, Bassford PJ Jr: Sequences within the mature mal-
tose-binding protein of Escherichia coli may be actively
involved in initiating the export process.  Ann Inst Pasteur Micro-
biol 1985, 136B(1):3-7.
44. Kajava AV, Zolov SN, Pyatkov KI, Kalinin AE, Nesmeyanova MA:
Processing of Escherichia coli alkaline phosphatase.
Sequence requirements and possible conformations of the -
6 to -4 region of the signal peptide.  J Biol Chem 2002,
277(52):50396-50402.
45. Li P, Beckwith J, Inouye H: Alteration of the amino terminus of
the mature sequence of a periplasmic protein can severely
affect protein export in Escherichia coli.  Proc Natl Acad Sci USA
1988, 85(20):7685-7689.
46. Summers RG, Knowles JR: Illicit secretion of a cytoplasmic pro-
tein into the periplasm of Escherichia coli requires a signal
peptide plus a portion of the cognate secreted protein.
Demarcation of the critical region of the mature protein.  J
Biol Chem 1989, 264(33):20074-20081.
47. Summers RG, Harris CR, Knowles JR: A conservative amino acid
substitution, arginine for lysine, abolishes export of a hybrid
protein in Escherichia coli. Implications for the mechanism
of protein secretion.  J Biol Chem 1989, 264(33):20082-20088.
48. Berman HM, Westbrook J, Feng Z, Gilliland G, Bhat TN, Weissig H,
Shindyalov IN, Bourne PE: The Protein Data Bank.  Nucleic Acids
Res 2000, 28(1):235-242.
49. Martoglio B, Dobberstein B: Signal sequences: more than just
greasy peptides.  Trends Cell Biol 1998, 8(10):410-415.
50. Nilsson I, von Heijne G: A signal peptide with a proline next to
the cleavage site inhibits leader peptidase when present in a
sec-independent protein.  FEBS Lett 1992, 299(3):243-246.
51. Barkocy-Gallagher GA, Bassford PJ Jr: Synthesis of precursor mal-
tose-binding protein with proline in the +1 position of the
cleavage site interferes with the activity of Escherichia coli
signal peptidase I in vivo.  J Biol Chem 1992, 267(2):1231-1238.
52. Karamyshev AL, Karamysheva ZN, Kajava AV, Ksenzenko VN, Nes-
meyanova MA: Processing of Escherichia coli alkaline phos-
phatase: role of the primary structure of the signal peptide
cleavage region.  J Mol Biol 1998, 277(4):859-870.
53. Choo KH, Tan TW, Ranganathan S: SPdb – a signal peptide data-
base.  BMC Bioinformatics 2005, 6:249.
54. Boeckmann B, Bairoch A, Apweiler R, Blatter MC, Estreicher A,
Gasteiger E, Martin MJ, Michoud K, O'Donovan C, Phan I, et al.: The
SWISS-PROT protein knowledgebase and its supplement
TrEMBL in 2003.  Nucleic Acids Res 2003, 31(1):365-370.
55. Kulikova T, Akhtar R, Aldebert P, Althorpe N, Andersson M, Baldwin
A, Bates K, Bhattacharyya S, Bower L, Browne P, et al.: EMBL Nucle-
otide Sequence Database in 2006.  Nucleic Acids Res
2007:D16-20.
56. Taylor PD, Toseland CP, Attwood TK, Flower DR: LIPPRED: A
web server for accurate prediction of lipoprotein signal
sequences and cleavage sites.  Bioinformation 2006, 1(5):176-179.
57. Blaudeck N, Sprenger GA, Freudl R, Wiegert T: Specificity of signal
peptide recognition in tat-dependent bacterial protein
translocation.  J Bacteriol 2001, 183(2):604-610.
58. Nielsen H, Engelbrecht J, von Heijne G, Brunak S: Defining a simi-
larity threshold for a functional protein sequence pattern:
the signal peptide cleavage site.  Proteins 1996, 24(2):165-177.
59. Li W, Godzik A: Cd-hit: a fast program for clustering and com-
paring large sets of protein or nucleotide sequences.  Bioinfor-
matics 2006, 22(13):1658-1659.
60. Walker JM: The proteomics protocols handbook.  Totowa, N.J.:
Humana Press; 2005. 
61. Bjellqvist B, Hughes GJ, Pasquali C, Paquet N, Ravier F, Sanchez JC,
Frutiger S, Hochstrasser D: The focusing positions of polypep-
tides in immobilized pH gradients can be predicted from
their amino acid sequences.  Electrophoresis 1993,
14(10):1023-1031.
62. Ikai A: Thermostability and aliphatic index of globular pro-
teins.  J Biochem 1980, 88(6):1895-1898.
63. Kyte J, Doolittle RF: A simple method for displaying the hydro-
pathic character of a protein.  J Mol Biol 1982, 157(1):105-132.
64. Rice P, Longden I, Bleasby A: EMBOSS: the European Molecular
Biology Open Software Suite.  Trends Genet 2000,
16(6):276-277.